INTRODUCTION
============

Diabetes is a chronic metabolic disease with a high global prevalence. Diabetes-related health management costs continue to increase \[[@B1][@B2]\], and diabetic subjects fundamentally require pharmacotherapy together with exercise and diet.

Among the pharmacotherapies currently in use for improving diabetic symptoms, sulfonylureas, biguanide class drugs, α-glucosidase inhibitors, and thiazolidinedione class drugs are used as oral hypoglycemic agents. However, most of these drugs carry with them financial burden and side effects such as hypoglycemia, anemia, nephrotoxicity, weight gain, abdominal distension, and diarrhea \[[@B3]\]. For those reasons, researchers are actively investigating the diverse resources of oriental medicine in pursuit of physiologically active substances that can prevent or control diabetes. In addition, various scientific investigations attempting to elucidate the antidiabetic effects of therapies and medicinal plants that have been traditionally used in clinical oriental medicine are in progress \[[@B4][@B5]\].

*Cordyceps militaris* has long been known as one of three great herbal medicines (together with ginseng and velvet antler) in China. Approximately 800 kinds of *Cordyceps* spp. have been discovered domestically and internationally, among which 78 kinds have been collected and classified in Korea \[[@B6]\]. *C. militaris* is an entomopathogenic fungus that is usually parasitic on larvae or pupae of Lepidoptera and forms orange club-like stromata. Recently, this fungal species has gained wide recognition as a functional health food with physiologically active substances, such as the secondary metabolite cordycepin. Diverse functions of *C. militaris* have been reported, including a hypoglycemic effect in diabetic mice \[[@B7]\], improvement of liver functions \[[@B8][@B9]\], and activation of the glycometabolism-related enzyme glucokinase (GK) in liver cells \[[@B10][@B11]\]. However, among the reported studies of *C. militaris*, there has been little reported on its antidiabetic effect.

Diabetes occurs as a result of various factors. For the treatment or alleviation of diabetic symptoms, it is important to ensure that a high amount of sugar does not remain in blood. This is achieved by inducing cells of each tissue to quickly absorb and use the glucose molecules that have been absorbed into the system after eating \[[@B12]\]. Glucose gained through food is used mainly in the liver, muscles, and fat tissues. Among these, the liver is involved not only in the use of glucose but also in its storage, functioning as one of the major organs that can provide a fuel source for a starving body that requires energy \[[@B13][@B14]\]. In order to induce glucose consumption by elevating the rate of utilization of glucose in the liver, it is necessary to increase glucose uptake by enhancing the expression of glucose transporter 2 (GLUT2) \[[@B15]\]. The absorbed glucose is stored or used through the activation of glycolysis-related enzymes such as GK, pyruvate dehydrogenase (PDH), and glycogen synthase (GS) \[[@B16][@B17][@B18]\]. The activity of enzymes such as phosphoenolpyruvate carboxykinase (PEPCK), which is related to gluconeogenesis, must be inhibited in order to decrease the glucose level \[[@B19]\]. GLUT2 has a role in transporting glucose into the blood through the small intestine in order to maintain glucose homeostasis and to induce insulin secretion through glucose sensing in the β-cells of the pancreas \[[@B20][@B21]\]. Accordingly, the regulation of GLUT2 expression is crucial for glucose metabolism in the body. Hepatocyte nuclear factor (HNF)-1α and CCAAT-enhancer-binding proteins beta (C/EBPβ) are transcription factors reported to regulate GLUT2 expression. Various recent studies have been conducted on the human GLUT2 promoter.

AMP-activated protein kinase (AMPK) is reported to use ATP and ADP as energy sources in the metabolic activities of living cells, and to have a key role in maintaining energy homeostasis through AMP production \[[@B22][@B23]\]. AMPK has been reported to regulate the expression of genes involved in glycolysis and gluconeogenesis to maintain glucose homeostasis in the liver \[[@B24][@B25][@B26][@B27]\]. Phosphatidylinositol 3-kinase (PI3k), a signaling protein capable of acting on various mechanisms in the cell, is reported to be stimulated by G protein-coupled receptors (GPCR) or insulin receptors (IR) \[[@B26][@B28]\]. In addition, Pl3k is involved in cell growth, cell proliferation, cell differentiation, cell survival, and intracellular trafficking \[[@B28]\]. Protein kinase B (Akt) regulates various functions, such as glycogen synthesis, protein synthesis, and gene expression \[[@B28][@B29][@B30][@B31]\]. Therefore, many recent studies have investigated glucose uptake increases by inducing the expression of GLUT using natural products as well as by inducing the activity and expression of enzymes associated with glycolysis and gluconeogenesis.

In addition, the glucose level can be lowered effectively by inhibiting α-glucosidase in the small intestine thereby controlling the resolution of disaccharide maltose, which as a whole will delay the digestion and absorption of carbohydrates \[[@B32]\].

Therefore, this study investigated the mechanisms involved in both glucose uptake and metabolism of absorbed glucose in HepG2 cells treated with a *C. militaris* water extract (CMW). In addition, the effect of CMW on the inhibitory activity of α-glucosidase was investigated. The study describes the effect of CMW on the mechanisms involved in blood glucose reduction and suggests the potential applicability of CMW.

MATERIALS AND METHODS
=====================

Cordyceps militaris extract
---------------------------

The *C. militaris* sample used in our study was obtained from Human Herb (Gyeongsan-si, Korea). The sample was dried in a forced convection oven (OF-02G; Jeio Tech, Seoul, Korea), and 30 g of dried sample were completely ground with a blender (FM-681C; Hanil Electric, Seoul, Korea), after which, the powder was resuspended in 10.7 volumes of distilled water. The mixture was extracted at 60℃ in a shaking incubator (KMC 8480SF; Vision Scientific, Daejeon, Korea) for 24 h and then centrifuged. The supernatant obtained was filtered through a 0.45 µm syringe filter and then dried (weight after drying: 10.93 g) in a freeze dryer (BD8512; Ilshin Lab., Gyeonggi-do, Korea). The final solid content (yield: 19.44%) was thawed for the experiment.

Cell culture
------------

HepG2 (hepatocellular carcinoma) cells were obtained from the Korean Cell Line Bank (Seoul, Korea). The cells were incubated in a growth medium comprising 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 25 mM NaHCO~3~, and 90% minimum essential medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Welgene, Daegu, Korea) and 1% penicillin-streptomycin (Welgene) at 37℃ under 5% CO~2~.

Cytotoxicity assay
------------------

The cytotoxicity of CMW was measured by using the MTT (3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyl-tetrazolium bromide) conversion method. In brief, 100 µL aliquots of HepG2 cells (1 × 10^4^ cells/mL) were dispensed in each well of a 96-well plate and incubated for 24 h. The CMW was diluted to different concentrations in growth media to which no FBS or antibiotics had been added. The HepG2 cells were treated with the extracts for 24 h, after which the growth media were removed and MTT reagent (5 mg/mL) was added. The plates were then incubated at 37℃ for 4 h, after which the supernatant was removed. Subsequently, 100 µL of dimethyl sulfoxide was added, and the formazan that formed in each well was dissolved with shaking. After 30 min, the absorbance was measured at 570 nm using a UV/Vis spectrophotometer (Opiwen 2120 UV plus; Mecasys, Daejeon, Korea). The cytotoxicities of the different concentrations were determined through comparison to the absorbance value of the control.

Measure of glucose uptake
-------------------------

The change in glucose uptake by the HepG2 cells following CMW treatment was assessed by using a glucose uptake colorimetric assay kit (BioVision, Milpitas, CA, USA). In brief, the HepG2 cells were added to the wells of a 96-well plate (1 × 10^5^ cells/mL) and incubated for 24 h in growth medium. The growth media were then replaced with medium not containing FBS, and the plates were incubated for another 24 h. The medium was replaced with Krebs-Ringer-phosphate-HEPES buffer containing 2% bovine serum albumin. After 40 min, the cells were treated with 1 µM insulin and 1.0 mg/mL CMW and incubated for 20 min. Then, they were treated with 10 mM 2-deoxyglucose for 20 min. Finally, the cells were treated with 8 µL of assay buffer and 2 µL of enzyme mix A at 37℃ for 1 h. The cell extract was retrieved by using an extraction buffer and then held at 85℃ for 40 min. After cooling, a neutralization buffer was added and the mixture was centrifuged at 500 r/min for 10 s. The supernatant was removed to a microwell plate, and 20 µL of glutathione reductase, 16 µL of 5-5′-dithiobis (2-nitrobenzoic acid), and 2 µL of recycling mix included in the assay kit were added to each of the wells and left for 40 min to react. Absorbance was then measured at 405 nm by using an ELISA microplate reader (EL808; BioTek, Winooski, VT, USA).

Glucokinase activity assay
--------------------------

The GK activity was measured by using a hexokinase colorimetric assay kit (Abcam, Cambridge, MA, USA). In this assay, nicotinamide adenine dinucleotide phosphate (NADP+) is converted into NADPH when the glucose-6-phosphate (G6P) produced by GK activity reacts with G6P dehydrogenase. In order to determine the optimum condition for activity induction, protein was extracted and quantified from HepG2 cells that had been treated with CMW at different concentration levels and times. Each 96 well was filled with 40 µg/50 µL of the extracted protein and then treated with 34 µL of assay buffer, 2 µL of enzyme mix, 2 µL of developer, 2 µL of coenzyme, and 10 µL of hexokinase substrate. The absorbance was measured at 450 nm at 3 min intervals.

Pyruvate dehydrogenase activity assay
-------------------------------------

The PDH activity was measured by using a commercial assay kit (Novagen; EMD Millipore, Darmstadt, Germany). This assay is based on the conversion of NAD+ into NADH through PDH activity. In order to determine the optimum condition of activity induction, HepG2 cells were treated with CMW at different concentration levels and times. Protein was then extracted from the HepG2 cells and 100 µg/0.2 mL of the extract was added to each well of a 96 well plate. After 3 h of incubation at room temperature, the supernatant was suctioned and rinsed twice using 1× stabilizer. Then, it was treated with 11 µL of 20× reagent mix, 0.2 mL of 1× buffer, 2.25 µL of 100× coupler, and 2.25 µL of 100× reagent dye. The absorbance was measured at 450 nm at 3 min intervals.

Total RNA extraction and cDNA synthesis
---------------------------------------

HepG2 cells were added to 6-well plates (1 × 10^6^ cells/mL) and incubated for 24 h. The cells were then treated with 0.1 mg/mL CMW in growth medium for 24 h. After the CMW-containing growth medium in each well was removed, 1 mL of QIAzol lysis reagent (Qiagen, Hilden, Germany) was added for lysing the cells. The lysate was then transferred to a tube, and 200 µL of chloroform added and mixed for 15 s. The tube was then centrifuged at 12,000 × g for 15 min. The supernatant was transferred to a tube containing 500 µL of isopropanol, and the mixture was centrifuged at 12,000 × g for 10 min. The supernatant was removed, and 1 mL of a 75% ethanol solution (100% ethanol : 0.1% diethyl pyrocarbonate (DEPC) water, 75:25) was added to each tube. The mixture was centrifuged at 12,000 × g for 5 min, and the supernatant was removed and dried pellet at room temperature. Then, 40 µL of nuclease-free water was added to dissolve the RNA extract. To quantify the total RNA, 995 µL of 0.1% DEPC water was added to 5 µL of the RNA extract and the absorbance was measured at 260 nm.

An amfiRivert Platinum cDNA Synthesis Master Mix (GenDEPOT, Barker, TX, USA) was used to synthesize the first-strand cDNA. The extracted RNA (2 µg) and RNase-free water were combined to a final volume of 9 µL and left at 70℃ for 5 min. In the meantime, 10 µL of 2× cDNA synthesis buffer solution was mixed with 1 µL of cDNA Synthesis Enzyme Mix, and 11 µL of the mixture was added to each PCR tube. The reaction protocol for synthesizing the cDNA was set at 25℃ for 5 min, 42℃ for 60 min, and 70℃ for 15 min.

RT-PCR
------

In order to measure the mRNA expression of glucose transporter 2 (GLUT2), a PCR was performed with cDNA. The primer sequence applied in the experiment is shown in [Table 1](#T1){ref-type="table"}. In brief, 0.5 µL each of Go Tag Green Master (Promega, Madison, WI, USA) and 10 µL of forward primer (15 µM) and reverse primer (15 µM) were added to a PCR tube, to which 8 µL of nuclease-free water and 1 µL of synthesized first-stand cDNA were then added and thoroughly mixed. The PCR conditions for each primer are shown in [Table 2](#T2){ref-type="table"}. The PCR product was loaded onto a 1.2% agarose gel containing 0.002% ethidium bromide for electrophoresis and then verified under UV light. Band density was analyzed and quantified by using the software ImageJ (National Institutes of Health, Bethesda, MD, USA).

Western blot analysis
---------------------

HepG2 cells were added into 6-well plates (1 × 10^6^ cells/mL) and incubated for 24 h. They were then treated with CMW and incubated for another 24 h. Thereafter, the cells were lysed at 4℃ using a lysis buffer (10 mM Tris-HCl, pH 7.4, 0.1 M EDTA, 10 mM NaCl, 0.5% Triton X-100, and protease inhibitor cocktail). The concentration of protein obtained after centrifugation of the cell extract (14,000 r/min, 10 min, 4℃) was measured by using the Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA). The same amount of protein (30 µg) and a sample buffer containing β-mercaptoethanol were mixed at a 1:1 ratio and heated at 100℃ for 3 min. The prepared protein sample was electrophoresed on a sodium dodecyl sulfate-polyacrylamide gel using the Bio-Rad minigel system (Bio-Rad Laboratories), following which the protein was transferred to a polyvinylidene fluoride membrane (0.45 µm; Thermo Scientific, Rockford, IL, USA). The membrane was blocked for 1 h in tris-buffered saline containing 0.1% Tween 20 (TBS-T) and 5% skim milk and then left to react for 1 h in a buffer loaded with hepatocyte nuclear factor-1 alpha (HNF-1α; 5,000:1), glucose transporter 2 (GLUT2; 5,000:1), phosphorylated AMP-activated protein kinase (pAMPK; 1,000:1), phosphoenolpyruvate carboxykinase (PEPCK; 1,000:1), GK (1,000:1), glyceraldehyde-3-phosphate dehydrogenase (5,000:1) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phosphorylated PDH (pPDH; 10,000:1), PDH (10,000:1) (Abcam, Cambridge, UK), phosphorylated phosphatidylinositol 3-kinase (pPI3K; 1,000:1), PI3K (1,000:1), phosphorylated protein kinase B (pAkt; 1,000:1), Akt (1,000:1), and phosphorylated glycogen synthase kinase-3 beta (pGSK-3β; 1,000:1) (Cell Signaling Technology, Danvers, MA, USA) primary antibodies. The membrane was then rinsed 3 times with the TBS-T buffer, for 5 min each time. This was followed by its immersion in a buffer loaded with horseradish peroxidase-conjugated secondary anti-rabbit IgG antibody (Santa Cruz Biotechnology) for 1 h at room temperature. The membrane was rinsed 3 times with TBS-T (5 min each time) and then photosensitized on an X-ray film using the enhanced chemiluminescence method. The band strength was analyzed and quantified using the software ImageJ.

Measuring glycogen contents
---------------------------

HepG2 cells were cultured with 1 mg/mL of CMW for 24 h. Medium were removed and washed cells with phosphate buffer (PBS). Cell were resuspended in 200 µL of H~2~O on ice and homogenized by quickly pipetting up and down several times. Cell homogenates were boiled for 10 min to inactivate enzymes and centrifuged for 10 min at 4℃ at 18,000 × g in a cold microcentrifuge to remove insoluble material. A Bradford assay (Bio-Rad Laboratories) was used to quantify the protein concentration. The glycogen content of the processed HepG2 cells was measured and quantified by using a glycogen assay kit (Abcam, Cambridge, UK) following the manufacturer\'s instructions. Glycerol (50 µL) and the processed samples (50 µL) were added to a 96-well plate, and hydrolysis buffer (50 µL) and hydrolysis enzyme mix (2 µL) were added to all wells as background controls. The plate wells were mixed thoroughly and incubated at room temperature for 30 min followed by the addition of 50 µL of reaction mix (46 µL development buffer, 2 µL development enzyme mix, and 2 µL oxiRed probe) into wells. The plate wells were mixed thoroughly and incubated at room temperature for 30 min and protected from light. Immediately after incubation, a microplate reader (EL808; BioTek, Winooski, VT, USA) set at OD 570 nm was used to measure glycogen content.

α-Glucosidase inhibitory activity
---------------------------------

For analysis of the α-glucosidase inhibitory activity of CMW, 200 mg of rat intestinal acetone powder (Sigma, St. Louis, MO, USA) was combined with 4 mL of 50 mM phosphate buffer and sufficiently mixed. The mixture was then ultrasonically ground at 4℃ for 15 min and then centrifuged at 10,000 × g for 30 min at 4℃. The middle layer was used as the α-glucosidase enzyme solution. For the assay, 50 µL of 50 mM phosphate buffer (pH 6.8), 20 µL of 1 U/mL rat α-glucosidase, and 50 µL of CMW were mixed together and left at 37℃ for 5 min. Then, 20 µL of 1 mM p-nitrophenyl-α-D-glucopyranoside were added, and the reaction was carried out at 37℃ for 30 min. The reaction was terminated by the addition of 50 µL of 0.1 M Na~2~CO^3^, and the absorbance was measured at 405 nm. The α-glucosidase inhibitor acarbose (Sigma) was used as a control.

Statistical analysis
--------------------

Data are expressed as mean values ± SD and comparisons were carried out by using Student\'s unpaired t-test or one-way ANOVA, as appropriate. Mean values were considered significantly different when *P* \< 0.05.

RESULTS
=======

Cytotoxicity measurement
------------------------

The cell viability measurements determined by using MTT are based on the principle that mitochondria in live cells are able to reduce yellow-colored water-soluble tetrazolium into celadon green-colored non-water-soluble formazan through the dehydrogenase reaction. The cytotoxicity results of CMW tested at concentrations of 0.1, 0.2, 0.5, and 1.0 mg/mL are shown in [Fig. 1](#F1){ref-type="fig"}. No significant apoptosis was observed up to the maximum concentration 1.0 mg/mL. Based on the results, further treatments of HepG2 cells were carried out with 1.0 mg/mL or lower CMW.

Evaluation of glucokinase activity at various CMW concentrations and treatment times
------------------------------------------------------------------------------------

The measured GK activity levels at various CMW concentrations and treatment times are shown in [Fig. 2](#F2){ref-type="fig"}. GK activity increased dose-dependently with CMW concentrations of 0.05, 0.1, 0.25, 0.5, and 1.0 mg/mL ([Fig. 2A](#F2){ref-type="fig"}). Compared with the control (100%), the activity increased by 352% with the 1.0 mg/mL CMW treatment, demonstrating a statistically significant optimum activity increase. The CMW concentration of 1.0 mg/mL was therefore used to treat HepG2 cells for 0, 2, 6, 12, 24, and 36 h. The GK activity from the extracted protein was significantly high at 24 h (192%), and then decreased to 144% at 36 h ([Fig. 2B](#F2){ref-type="fig"}). Based on the test results, it was concluded that the induction condition for optimum GK activity in HepG2 cells was treatment with 1.0 mg/mL CMW for 24 h.

Evaluation of pyruvate dehydrogenase activity at various CMW concentrations and treatment times
-----------------------------------------------------------------------------------------------

The PDH activity was measured by using protein obtained after treating HepG2 cells with various CMW concentrations and durations. [Fig. 3A](#F3){ref-type="fig"} shows the PDH activity in HepG2 cells treated with CMW at concentrations of 0.1, 0.25, 0.5, and 1.0 mg/mL for 24 h. Relative to the control, the PDH activity significantly increased, by approximately 138%, at the maximum CMW concentration of 1.0 mg/mL. The 1.0 mg/mL CMW concentration was therefore used to treat on HepG2 cells for 0, 2, 6, 12, 24, and 36 h, and the protein extracted to determine the PDH activity ([Fig. 3B](#F3){ref-type="fig"}). The optimum PDH activity, a significant increase of approximately 134% over the control level, occurred when treated for 24 h. Based on the test results, the induction condition for optimum PDH activity in HepG2 cells was treatment with 1.0 mg/mL CMW for 24 h.

Effect of CMW on glucose uptake by HepG2 cells
----------------------------------------------

To determine the effect of CMW on glucose uptake, we carried out an enzymatic 2DG uptake assay in HepG2 cells. As shown in [Fig. 4](#F4){ref-type="fig"}, glucose uptake in HepG2 cells treated with 1.0 mg/mL CMW for 24 h was significantly increased (168%) over that in the control, but the uptake was lower than that in cells treated with insulin (326%).

Effect of CMW on GLUT2 expression in HepG2 cells
------------------------------------------------

Changes in GLUT2 expression were analyzed, based on the results showing that CMW treatment induces a glucose influx into HepG2 cells. HepG2 cells were treated with 1.0 mg/mL CMW for 24 h, and the expression levels of GLUT2 mRNA ([Fig. 5A](#F5){ref-type="fig"}) and protein ([Fig. 5B](#F5){ref-type="fig"}) were measured. The GLUT2 mRNA and protein expression levels significantly increased to about 1.39 and 3.18 times, respectively, those of the control. In addition, the expression of HNF-1α protein significantly increased to about 2.24 times that of the control ([Fig. 5C](#F5){ref-type="fig"}).

Effect of CMW on glucose metabolism according to AMPK levels in HepG2 cells
---------------------------------------------------------------------------

The expression levels of pAMPKα (Thr172), GK, pPDH, PDH, and PEPCK proteins were measured in HepG2 cells after treatment with CMW for 24 h ([Fig. 6A-6D](#F6){ref-type="fig"}). Compared with the control, the pAMPKα (Thr172) and GK expression levels significantly increased by about 1.91 and 1.75 times, respectively, whereas the pPDH and PEPCK levels significantly decreased by factors of 0.85 and 0.64, respectively.

Effect of CMW on glycogen storage in HepG2 cells
------------------------------------------------

The effect of CMW on glycogen conversion within HepG2 cells was examined. The action mechanisms of PI3K, Akt, and GSK-3β were induced by the 24 h CMW treatment ([Fig. 7A-C](#F7){ref-type="fig"}). The expression levels of pPI3k, pAkt, and pGSK-3β proteins were increased by about three times, with statistical significance, compared with the control. Furthermore, the glycogen content within the HepG2 cells had increased by 264.7%, with statistical significance, compared with the control ([Fig. 7D](#F7){ref-type="fig"}).

α-Glucosidase inhibitory activity of CMW
----------------------------------------

The changes in α-glucosidase inhibitory activity of CMW at different concentrations are summarized in [Fig. 8](#F8){ref-type="fig"}. The results showed that, compared to the control the α-glucosidase inhibitory activity of acarbose was 33.27% ± 0.88% with 0.1 mg/mL, 41.5%3 ± 0.21% with 0.25 mg/mL, 48.72% ± 0.060% with 0.5 mg/mL, and 54.21% ± 0.761% with 1.0 mg/mL of acarbose. Compared to the control, the CMW inhibitory activities were 45.77% ± 0.76% with 0.1 mg/mL, 54.76% ± 0.71% with 0.25 mg/mL, 58.74% ± 0.85% with 0.5 mg/mL, and 60.5% ± 0.93% with 1.0 mg/mL of CMW.

DISCUSSION
==========

The entomopathogenic fungus *C. militaris* is reported to have immunosuppressive, anticancer, antioxidative, anti-asthma, and liver function improvement effects, and its application range is expanding \[[@B7][@B8][@B9][@B10][@B11]\]. This study conducted experiments using CMW in order to investigate the glucose absorption mechanism and glucose metabolism in cells, topics that have not been previously reported. We observed that glucose uptake was induced in CMW-treated HepG2 cells in an insulin-independent manner, and that the expression of several proteins was related to the increase in glucose metabolism. Based on the results, it is expected that CMW will be able to help insulin-independent diabetic patients.

The activities of GK and PDH, the major enzymes for glucose metabolism in HepG2 cells, were measured in order to identify the optimum treatment time and concentration of CMW to use in various glucose metabolism-related experiments. The results showed that 1.0 mg/mL CMW with a 24 h treatment time was the optimum condition for the induction of an optimal glucose metabolic activity level. GK is an important enzyme involved in glucose metabolism, and it is reported to enhance the speed of glucose absorption \[[@B28][@B33]\]. PDH is an enzyme related to energy generation from glucose and is reported to stimulate the conversion of pyruvate into acetyl-CoA to initiate the TCA cycle \[[@B34][@B35]\].

Based on the evaluation of CMW-induced glucose uptake, GLUT2 (a major glucose transporter for liver) mRNA and protein expressions were evaluated to determine how glucose absorption into cells takes place. Among the GLUT family genes expressed in human liver tissues, it is reported that GLUT2 expression accounts for the greatest amount (67.4%) of the total expression of all GLUTs \[[@B36]\], indicating that GLUT2 plays a vital role in the maintenance of glucose homeostasis in the liver. In addition, the protein expression of HNF-1α, a transcription factors reported to induce human GLUT2 expression by binding with its promoter \[[@B37]\], was examined. The results showed the expression levels of GLUT2 mRNA and protein, as well as HNF-1α protein, to be increased by CMW, as shown in [Fig. 5](#F5){ref-type="fig"}. This is similar to the results of an experiment reported by Kang et al. \[[@B38]\], in which GLUT2 expression was increased by inducing HNF-1α expression in HepG2 cells using Chinese catbrier leaf extract.

In order to clearly verify the expression control mechanism in liver cells, it is necessary to further investigate the CMW-induced expression of HNF-4α, HNF-3β (FOXA2), sterol-regulatory-element-binding protein 1c, CCAAT element binding protein (C/EBP), and C/EBPβ (all known to be transcription factors acting on GLUT2 promoters) and conduct promoter binding assays. In this study, only the possibility for GLUT2 expression regulation through CMW was investigated, whereas the results of increased GLUT2 expression by HNF-1α were not studied as they are predictable based on the results of various other studies \[[@B37][@B38][@B39][@B40][@B41]\].

AMPK is a serine/threonine kinase that is reported to be a modulator of lipid and glucose metabolism and to perform crucial regulation activities in diabetes and obesity \[[@B24][@B42][@B43][@B44]\]. AMPK influences various signaling mechanisms in liver cells. In addition, it can detect lowering of the cellular energetic state, thus functioning when energy is required as a result of glucose depletion in cells or when excess energy is supplied externally \[[@B45]\]. Moreover, AMPK regulates the expression of gluconeogenic genes and glucose reproduction, and it increases glucose metabolism in order to maintain glucose homeostasis in the liver \[[@B24]\]. Various reports on AMPK activators for glucose homeostasis are available \[[@B24][@B25][@B26]\].

GK, a critical enzyme primarily involved in glucose metabolism, regulates the utilization rate of absorbed glucose. GK has been reported to be associated with AMPK \[[@B46]\]. PDH is mainly regulated by a reversible phosphorylation mechanism, in which the enzyme activity is inhibited upon phosphorylation, thus converting PDH into an inactive form \[[@B47]\]. Conversely, dephosphorylation will convert PDH into an active form \[[@B47]\]. PDH is a critical enzyme that converts pyruvate into acetyl-CoA within mitochondria to generate energy in the TCA cycle \[[@B48]\]. Phosphoenolpyruvate carboxykinase (PEPCK) is a critical enzyme involved in the initiation of glyconeogenesis, in which oxaloacetate is converted into phosphoenolpyruvate (PEP) \[[@B49]\]. Numerous studies have reported that activation of AMPK by natural materials in hepatocytes inhibits PEPCK, thereby inhibiting intracellular glucose production and resulting in antidiabetic effects \[[@B19][@B50][@B51]\].

CMW was observed to increase the protein expression of phosphorylated AMPK and GK, control the phosphorylation of PDH, and activate glycolysis. Moreover, it was observed to control glucose reproduction through the decreased protein expression of PEPCK, which is a major factor in gluconeogenesis.

Based on the results showing that glycogen content was induced by CMW treatment, we examined the expression of PI3K, Akt, and pGSK-3β (all proteins related to the mechanism of GS activation) in order to determine how glucose is stored in the form of glycogen. PI3k stimulates Akt, which phosphorylates and activates glycogen synthase kinase 3β (GSK3β), which, in turn, increases GS activity, thereby inducing glycogen storage \[[@B31]\]. GS is reported to be directly affected by GSK-3, AMPK, Akt, and casein kinase 2 (CK2) \[[@B32]\]. Moreover, it is activated by insulin, growth factor, and GPCR. It has been reported that GSK-3β is phosphorylated by activated Akt and, in turn, activates GS \[[@B52]\]. Akt activation activates GK and quickly converts glucose into glucose-6-phosphate. This, in turn, stimulates glycolysis and glycogen storage and has a key role in maintaining glucose homeostasis by controlling glyconeogenesis \[[@B53][@B54]\]. Furthermore, it has been reported that when glucose is supplied to liver cells, the glucose can be converted into glycogen for storage in an insulin-independent situation \[[@B30]\]. This explains why CMW-stimulated glucose absorption and metabolism occurred in a condition lacking insulin.

The enzyme α-glucosidase is present in the chorion of the mucous membrane of the small intestine. It is essential for the digestion and absorption of carbohydrates, in which polysaccharides are decomposed into monosaccharides. Acarbose, used in this study as a positive control drug, delays the decomposition of disaccharides into monosaccharides in the small intestine \[[@B55][@B56]\], and is used to improve the symptoms of diabetic patients. When acarbose activity decreases, the decomposition and absorption of polysaccharides are delayed, preventing a marked surge in blood sugar level after a meal \[[@B57]\]. As CMW demonstrates a higher level of α-glucosidase inhibitory activity than acarbose, it represents a functional substance that can be further developed as an acarbose supplement or alternative after additional investigation of its activities and safety \[[@B58]\].

Based on the above results, we conclude that for its induction of glucose uptake in liver cells, CMW stimulates the expression of HNF-1α to activate GLUT2. The glucose supplied into cells is metabolized through glycolysis stimulation, following CMW-induced AMPK phosphorylation and gluconeogenesis inhibition activities. It then produces energy or converted into glycogen for storage. This implies that CMW is a potential candidate material for use in the control of blood sugar levels, as it stimulates the absorption and metabolism of glucose in liver cells. Further experiments into the effects of CMW on the insulin-independent signaling mechanism, along with studies using an experiment model with induced insulin resistance, will determine the value of this fungal extract as a hypoglycemic functional material.
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![Concentration-dependent effects of *Cordyceps Militaris* water extract (CMW) on HepG2 cell growth.\
Cell viability was analyzed using MTT assay. Data were expressed as mean values ± SD, derived from three independent experiments.](nrp-11-180-g001){#F1}

![Measurement of glucokinase (GK) activity of *Cordyceps Militaris* water extract (CMW) in HepG2 cell.\
(A) GK activity of CMW treatment according to concentration dependent manner. (B) GK activity CMW treatment (1.0 mg/mL) on time dependent manner. Data were expressed as mean values ± SD and comparisons of data were carried out using one-way ANOVA, as appropriate. ^\*^ *P* \< 0.05, ^\*\*\*^ *P* \< 0.001 compared 0 mg/mL, ^\*^ *P* \< 0.05, ^\*\*\*^ *P* \< 0.001 vs. 0h.](nrp-11-180-g002){#F2}

![Measurement of pyruvate dehydrogenase (PDH) activity of *Cordyceps Militaris* water extract (CMW) in HepG2 cell.\
(A) PDH activity of CMW treatment according to concentration dependent manner. (B) PDH activity CMW treatment (1.0 mg/mL) on time dependent manner. Data were expressed as mean values ± SD and comparisons of data were carried out using one-way ANOVA, as appropriate. ^\*^ *P* \< 0.05 compared 0 mg/mL, ^\*^ *P* \< 0.05 vs. 0h.](nrp-11-180-g003){#F3}

![Measurement of glucose uptake and glucose consumption following *Cordyceps Militaris* water extract (CMW) treatment.\
HepG2 cells were incubated for 20 min in a KRPH buffer containing insulin (1uM) and CMW (1 mg/mL). The 2-deoxyglucose (2-DG) assay was performed 20 min later, as detailed in "Methods". Data were expressed as mean values ± SD and comparisons of data were carried out using one-way ANOVA, as appropriate. ^\*\*^ *P* \< 0.01, ^\*\*\*^ *P* \< 0.001 vs. control.](nrp-11-180-g004){#F4}

![Measurement of glucose transporter 2 (GLUT2) mRNA and protein and hepatocyte nuclear factor 1 alpha (HNF-α) protein expression.\
(A) Effect of *Cordyceps Militaris* water extract (CMW) on GLUT2 mRNA expression in HepG2 cells. (B) Effect of CMW treatment on GLUT2 protein expression in HepG2 cells. (C) Effect of CMW treatment on HNF-1α protein expression in HepG2 cells. Data were expressed as mean values ± SD and comparisons of data were carried out using Student\'s unpaired t-test, as appropriate. ^\*^ *P* \< 0.05, ^\*\*\*^ *P* \< 0.001 vs. control.](nrp-11-180-g005){#F5}

![Measurement of glycolysis related enzymes protein expression.\
(A) Effect of *Cordyceps Militaris* water extract (CMW) on phosphorylated AMP-activated protein kinase (pAMPK) protein expression in HepG2 cells. (B) Effect of CMW on glucokinase (GK) protein expression in HepG2 cells. (C) Effect of CMW on phosphorylated pyruvate dehydrogenase (pPDH) protein expression in HepG2 cells. (D) Effect of CMW on phosphoenolpyruvate carboxykinase (PEPCK) protein expression in HepG2 cells. Data were expressed as mean values ± SD and comparisons of data were carried out using Student\'s unpaired t-test, as appropriate. ^\*^ *P* \< 0.05, ^\*\*\*^ *P* \< 0.001 vs. control.](nrp-11-180-g006){#F6}

![Measurement of glucose storage related enzymes protein expression and glycogen contents.\
(A) Effect of *Cordyceps Militaris* water extract (CMW) on phosphorylated phosphatidylinositol 3-kinase (pPI3K) protein expression in HepG2 cells. (B) Effect of CMW on phosphorylated protein kinase B (pAkt) protein expression in HepG2 cells. (C) Effect of CMW on phosphorylated glycogen synthase kinase 3 beta (pGSK-3β) protein expression in HepG2 cells. (D) Effect of CMW treatment on glycogen contents in HepG2 cells. Data were expressed as mean values ± SD and comparisons of data were carried out using Student\'s unpaired t-test, as appropriate. ^^\*\*\*^^ *P* \< 0.001 vs. control.](nrp-11-180-g007){#F7}

![α-Glucosidase inhibitory activity of *Cordyceps Militaris* water extract (CMW).\
Acarbose was used as positive control. Data were expressed as mean values ± SD and comparisons of data were carried out using one-way ANOVA, as appropriate. ^\*\*\*^ *P* \< 0.001 vs. control.](nrp-11-180-g008){#F8}

###### PCR primer sequences
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^1)^ GLUT-2, glucose transporter-2.

###### PCR condition of each primer
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^1)^ GLUT-2, glucose transporter-2
